Abstract Group size variations of the Arabian sand gazelle Gazella subgutturosa marica were studied during a period of drought at the Mahazat as-Sayd Protected Area in central western Saudi Arabia. Significant differences in median group sizes were observed between all seasons except summer. Single animals were observed mainly during summer while group sizes exceeding 10 individuals were observed mainly during winter. Solitary male and female groups were typically observed during winter and mixed groups mainly during the autumn rutting period. Most mixed groups were two to four times larger during winter than summer. The adult sex ratio (male: female) for all seasons combined was in parity and highest during autumn (1:1.23), probably as a result of prolonged drought conditions. The variability in group structure related to environmental conditions may be one factor permitting G. 
Ungulates inhabiting open terrain usually live in large herds (Estes, 1974; Geist, 1974) with the structure of the habitat a prime factor determining group size (Jarman, 1974; Leuthold, 1977) . Social group structure in ungulates is closely related to ecological factors such as the type of habitat and food availability (Jarman, 1974; Leuthold, 1977; Pérez-Barbería et al., 2001; Bro-Jørgensen, 2008) . Understanding group size variations and seasonal changes is important when attempting to manage a species within a fenced area, such as for Arabian sand gazelle within the Mahazat as-Sayd Protected Area. Arabian sand gazelle Gazella subgutturosa marica Thomas, 1897 show a tendency for daily group structure changes by grouping together (>10 individuals together) when resting and dispersing when foraging (Launay and Launay, 1992) . Living in a drought prone area, sand gazelle are reported to have a high potential population growth rate (high twinning rate; Habibi, 1991) . G. s. marica is confined to the Arabian Peninsula (Thouless et al., 1991 , Massolo et al., 2008 ) and classified as "vulnerable" (VU 2ad) (IUCN, 2008) and "endangered" by Flamand (1995 1 ) with 35% of the global population in Saudi Arabia (Dunham et al., 2001) . Mass mortalities occur regularly due to forage shortages in the fenced Mahazat as-Sayd Protected Area (Ul- Islam et al., 2010) making it important to understand this species and improve management. Although Saudi Arabia contains the world's largest population of captive G. s. marica (Dunham et al., 2001) , the overall decline of free ranging animals is of concern (Cunningham and Wacher, 2009) .
Sand gazelle are viewed as highly nomadic ungulates that travel vast distances for suitable forage following winter rain (Harrison and Bates, 1991, Thouless et al., 1991) or display lengthy seasonal movements (Kingdon, 1990) . Such wide ranging activity is confirmed by Strauss (2000 2 ) from Rub al Khali (Empty Quarter). The closely related G. s. subgutturosa (Guldenstadt, 1780) is gregarious and usually occurs in small groups, although herds may congregate in the hundreds or thousands in Asia (Allen, 1940; Kingswood and Blank, 1996; Blank, 1998) . For G. s. marica, group size ranges between 10 and 50 animals (Vesey-Fitzgerald, 1952) , but 50 to 100 animals have been reported in Saudi Arabia (Harrison and Bates, 1991) . Kingdon (1990) reports that G. s. marica are commonly found in small groups of 6 to 12 animals throughout the year. In contrast, Wacher (1993) observed seasonal patterns in group size, varying between 9-14 animals during the winter months, and 2-5 animals during rest of the year in the Harrat al-Harrah Protected Area in northern Saudi Arabia. According to Habibi (1991) gregariousness is also evident amongst G. s. marica in captivity or when populations were still abundant on the Arabian Peninsula.
Here, seasonal changes in group size in a population of G. s. marica were studied in the Mahazat as-Sayd Protected Area in central western Saudi Arabia in an attempt to confirm and understand seasonal variation in group size during an extended period of drought. Based on Wacher's (1993 3 ) observations in northern Saudi Arabia, we hypothesised that group size would be larger during winter months and smaller during summer. Mixed groups were predicted to be larger than bachelor or nursery groups, and the occurrence of solitary individuals was expected to be higher during the hot and dry summer period, rather than during the cool and wet winter. It is speculated that such variability in group structure may be a contributing factor permitting G. s. marica to adapt to a wide variety of habitats and climatic regimes, essential for its survival in hyperarid environments such as central western Saudi Arabia. Understanding these changes in a highly mobile species is expected to assist in their management.
Materials and Methods

Study area
The Mahazat as-Sayd Protected Area is a flat arid desert steppe located approximately 150 km northeast of Taif in central western Saudi Arabia (28°15′N, 41°40′E; 900-1100 m above sea level) covering an area of 2244 km 2 (Child and Grainger, 1990) . Sandy soils including gravel cover 96% of the area (Haque and Smith, 1996) .
The climate is arid with annual rainfall occurring mainly between March and May. Rainfall is highly variable, ranging between 50-100 mm mainly during the cooler winter months (i.e. growing season) (Haque and Smith, 1996) and mean monthly minimum and maximum temperatures are 2-21°C and 29-40°C (Child and Grainger, 1990 (Gillet and Launay, 1990) with Acacia tortilis trees dominating the tree layer throughout (Haque and Smith, 1996) . G. s. marica are predominantly grazers (Thouless et al., 1991) , but also browse dwarf shrubs and trees (Harrison and Bates, 1991; Cunningham, 2009 5 ). Apart from sand gazelles, two potential competitors the Arabian oryx Oryx leucoryx and the red-necked ostrich Struthio camelus camelus have been introduced into Mahazat as-Sayd Protected Area.
The Protected Area was proclaimed in 1988 as a reintroduction site for Arabian oryx Oryx leucoryx, G. s. marica, G. gazella, ostrich Struthio camelus camelus and houbara bustard Chlamydotis undulata. The site was chosen as all three species of gazelle that originally occurred in Saudi Arabia (G. s. marica, G. gazella and G. saudiya) were previously reported from this area (Child and Grainger, 1990) . This is the only Protected Area that is fenced in Saudi Arabia. Fencing was finalised in 1989 (Chassot et al., 2005) and larger predators such as wolves Canis lupus palipes and feral dogs Canis familiaris were eliminated to protect reintroduced wildlife (Haque and Smith, 1996) . Between 1991 and 1994 a total of 164 G. s. marica were reintroduced into the area (Haque and Smith, 1996) and by 2008 653 gazelles were estimated during an aerial survey (Cunningham and Wacher, 2009 ).
Data collection
Observations of group size and composition were conducted as part of an intensive study of the feeding ecology from March 2008 until March 2009 (Cunningham, 2009 ). Monthly visits ranging from 5-10 d were made to Mahazat as-Sayd except during June 2008 and January 2009. Monthly observations were pooled and presented here as seasonal observations as follows: spring (April and May), summer (June to September), autumn (October and November) and winter (December to March). These seasons are determined by the movement of the Sub-Tropical Anti-cyclonic belt (Bottomlay, 2008) . A total of 90 d was spent collecting data on group dynamics of G. s. marica in Mahazat as-Sayd.
Observations were made during the day from a vehicle travelling at a slow constant speed of 20-30 kph, usually with the sun from behind so as not to startle the animals. Occasionally observations were also made from the vehicle used as a stationary blind. Routes travelled and route lengths varied daily to cover the entire protected area and were usually done from east to west and west to east during morning and afternoon observations following existing tracks. Mean group size and group composition were recorded and compared between seasons. Groups were defined as singletons (adult male, adult female), as bachelor groups (only males), nursery groups (including females and sub-adults/juveniles of unknown sex) and as mixed sex groups. Cases in which sex or group composition could not be determined reliably (due to animals fleeing before being counted or sexed accurately), data were excluded from the analysis. A group was arbitrarily determined as a visible association of gazelle or individuals with no other gazelle within a circumference of 1 km. Additionally, all carcasses encountered were recorded and sex/age classes were determined based on horn length and tooth wear of 289 skulls. The age classification according to horn size for juvenile, sub-adult and adult animals, as determined by Habibi (1991) , was followed for field observation and skulls. A 10 × 40 binocular was used to facilitate observations at distances up to 500 m. Animals fleeing, or at distances further than 500 m, were classified as unidentified. Repeated sightings of the same individuals cannot be ruled out over the observation days and within a season although this was avoided on a daily basis by moving away from the area to avoid double observations.
A Kruskal-Wallis one way ANOVA on ranks was used to test for differences between group types (mixed groups, bachelor groups, nursery groups) and between seasons. A post hoc pairwise multiple comparisons procedure (Dunn's test) was then applied to isolate groups that differed from others.
Results
Group size and composition
A total of 922 groups and 2858 individuals were observed between March 2008 and March 2009. Seasonal observations included 196 groups and 588 individuals during spring (n=23 days), 195 groups and 320 individuals during summer (n=16 days), 210 groups and 563 individuals during autumn (n=20 days) and 320 groups and 1387 individuals during winter (n=31 days), respectively. Overall mean group size (mean ± SE throughout) during all seasons was 2.78 ± 0.12 (range: 1-51). The largest group, observed during December 2008 after localised rain, was a mixed group of 82 individuals but sex/age composition could not be determined. Mixed groups were significantly larger (5.43 ± 0.31) than bachelor (2.78 ± 0.15) or nursery groups (2.81 ± 0.17; Kruskal-Wallis ANOVA on ranks: overall: H = 88.56, df = 2, P < 0.001; Dunn's test: P < 0.05). This was valid for all seasons (Kruskal-Wallis ANOVA on ranks: spring: H = 12.32, df = 2, P = 0.002; autumn: H = 22.56, df = 2, P < 0.001; winter: H = 67.03, df = 2, P < 0.001; Dunn's test: P < 0.05) except in summer (Kruskal-Wallis ANOVA on ranks: H = 5.61, df = 2, P = 0.062; Dunn's test: P < 0.05; Table 1 ).
Overall mean group sizes were smallest during summer (1.62 ± 0.09) and the opposite was observed during winter (3.78 ± 0.28; Table 1 ). There was a significant difference in overall mean group size between summer and winter, summer and spring and summer and autumn as well as between winter and spring (Kruskall Wallis One way ANOVA: H = 64.51, df = 3, P < 0.001; Dunn's test: P < 0.05).
Mixed group size was sizes was smallest during summer (3.11 ± 0.30) with the opposite observed during winter (7.41 ± 0.67; Table 1 ). There was a significant difference in overall mean group size between summer and winter, summer and autumn and winter and spring and winter and autumn (Kruskall Wallis One way ANOVA: H = 46.80, df = 3, P < 0.001; Dunn's test: P < 0.05). Maximum group size for mixed groups was 51 individuals observed on one occasion during winter (December), and 12.5% of mixed groups were larger than 10 individuals. However, 37.1% of mixed groups were observed during winter, 30.9% during autumn, 17.5% in spring and 14.5% in summer. Bachelor group size was smallest during summer (2.31 ± 0.18) and largest in winter (3.00 ± 0.19; Table 1 ) but was not statistically different (Kruskall Wallis One way ANOVA: H = 4.19, df = 3, P = 0.241; Dunn's test: P < 0.05). Maximum group size for bachelor groups was 13 individuals observed on one occasion (December) and 8.6% of the male groups observed larger than five individuals.
Nursery group size was smallest during summer (2.31 ± 0.20) and largest in winter (4.2 ± 0.6; Table 1 ). Significant differences were found between winter and summer and between winter and spring only (Kruskall Wallis One way ANOVA: H = 12.39, df = 3, P = 0.006; Dunn's test: P < 0.05). Maximum nursery group size was eight (March) and only 5.7% of the female groups observed larger than five individuals.
The percentage occurrence of group sizes during each season is provided in Fig. 1 . Singletons were the most common group size. During spring individuals were observed 45.4% of the total time, summer 64.9%, autumn 42.1% and winter 36.1%. Solitary males were equally observed during summer (27.0%), autumn (27.0%), and winter (29.8%). The vast majority of females were encountered as individuals during summer 52.2%, followed by spring with 25.0 % of all observations (n = 92). In autumn only 9.8 % and during winter only 13.0 % of the observations were solitary females.
Sex ratios
The adult sex ratio for all groups and all seasons was 1:1.07 (males: females). Seasonal adult sex ratios were as follows: spring = 1:1.01, summer =1:1.08, autumn =1:1.23 and winter = 1:1.02. The adult sex ratio within mixed groups was 1:2.19, indicating a strong dominance of females. Due to no lambs being born or surviving as a result of the unfavourable conditions from [2008] [2009] no free ranging juvenile sex ratio was determined. Sex ratio data obtained from collected skulls revealed that sex ratios do change periodically: a ratio of 1:1.39 (females: males) was determined from skulls.
Discussion
Group size
Based on observations reported by Wacher (1993) in the protected areas of northern Saudi Arabia and Habibi et al. (1993) under semi-natural conditions, we predicted that mean group sizes in Mahazat as-Sayd would be largest during winter when gazelles are expected to migrate and gather into large concentrations to exploit common food resources (Legge and Rowley-Conwy, 1987) . We found this to be the case for all groups considered and the effect was most pronounced in mixed groups (Table 1 ). The overall mean group size during winter in Mahazat as-Sayd was 3.78 ± 0.28 individuals while the typical group size reported by Habibi et al. (1993) for the northern protected areas was 4.79 ± 3.80 individuals. This difference may be attributed to the different modes of calculation (mean group size versus typical group size) but could also result from the fact that the extended drought reported for Mahazat as-Sayd had a profound effect on group size. According to Habibi et al. (1993) large herds of G. s. marica were observed in an area with low densities (0.2 animals per km²) in northern Saudi Arabia suggesting that under such conditions they have to form larger herds so as to maximise mating opportunities. The population density established for Mahazat as-Sayd was 0.29-0.31 animal per km² (Cunningham and Wacher, 2009 ), higher than in the northern protected areas, suggesting good mating opportunities but higher competition due to drought and food shortages. Mixed groups were generally expected to be larger than bachelor or nursery groups and this was also confirmed here. The smaller mixed group sizes of two to three animals during summer are unsurprising, especially during adverse environmental conditions and are similar to group sizes in northern Saudi Arabia (Wacher, 1993) .
Accordingly, it was expected that solitary individuals would be most commonly observed during the hot summer months when food is patchy and competition between individuals is high. Interestingly this was only confirmed for females, indicating that food scarcity and intra-sexual competition affect females more than males. Animals were found resting in the same group structure as during foraging, which is contrary to the dispersal whilst foraging and clumping when resting as described by Launay and Launay (1992) ; however, their observations in a smaller enclosure may have influenced their findings. Nocturnal group size changes, if any, were not determined, but G. s. marica also seem to be in scattered assemblages (pers. obs.). 3.2 Seasonal changes in group size 3.2.1 Summer The decrease in mean group size (overall, mixed, nursery) and increased observations of single animals during summer, as well as the significant differences in group size between summer and all other seasons, suggest that group size is dependent on available food during summer (Cunningham, 2009) . The higher rate of solitary males and females during summer is probably due to the below average rainfall experienced in Mahazat as-Sayd since 2006 (Ul- Islam et al., 2010) . Such changes in group structure due to poor food availability conform to findings provided by Jarman (1974) . Moreover, results presented here are similar to the group structure described for G. s. subgutturosa from Asia where spring and summer groups consist of single animals or small groups varying between two to nine individuals (L'vov, 1979; Heptner et al., 1988; Blank, 1990) . Smaller mean group sizes were also observed for chinkara Gazella bennetti during summer in India (Rahmani, 1990; Bagchi et al., 2008) .
Autumn
The increase in the overall mean group size as well as the increase in mixed group size is attributed to the fact that males start establishing their harems at the beginning of the rut which commences during autumn (Vesey-Fitzgerald, 1952; Habibi, 1991; Harrison and Bates, 1991; Habibi et al., 1993) . The rutting season and therefore herd formation in sand gazelles occurs earliest in Saudi Arabia and later further east (Habibi et al., 1993, Kingswood and Blank, 1996) . Reproductive behaviour and group formation may therefore be influenced by local environmental conditions. 3.2.3 Winter During winter the largest mean group sizes (overall, mixed, bachelor and nursery) were observed. This is similar to the group structure described for G. s. subgutturosa from Asia where winter group size increased to between 10-30 individuals (L'vov, 1979; Heptner et al., 1988; Blank, 1990) . The larger groups observed in Mahazat as-Sayd are probably a result of a herding effect associated with the autumn 2008 rutting season extending into early winter due to poor environmental conditions (late rut) or natural group migration patterns towards favourable lambing areas (areas that received rainfall).
Spring
Seasonal breeding with young expected during March and April coincides with the best food availability after the winter and spring rains (January to April; Kingdon, 1990; Habibi et al., 1993) . Other gazelle species inhabiting arid or semi-arid grasslands, such as the Thomson's gazelle Gazella thomsonii in Kenya, also show changes in social system and movement patterns during the rainy season (Hvidberg-Hansen and De Vos, 1971 ). Groups of up to 100 animals have previously been observed in Mahazat as-Sayd during the rainy season (Al Subai, pers. com.) . Movement associated with rainfall events is confirmed by Harrison and Bates (1991) and Thouless et al. (1991) indicating the nomadic nature of G. s. marica which is similar to that recorded for springbok Antidorcas marsupialis, a similar sized ungulate from southern Africa (Skinner and Chimimba, 2005) . Another reason for breeding synchrony could be to reduce predation risks when young are most vulnerable and rely on concealment during the first few days after birth (Estes, 1976) . Although wolves Canis lupus pallipes were originally eradicated, they still occasionally frequent the protected area, especially during lambing season (pers. obs.). As no weakening of breeding synchrony in sand gazelle was observed a continued presence of predators is assumed.
Sex ratio and group movements
The observed adult sex ratio throughout the study period was found to be at parity, although the skulls collected indicated a skewed sex ratio towards females. This may be attributed to the fact that females may use areas that are more accessible to humans. Moreover, this bias may reflect that males are mostly singletons and range over larger areas or use different areas than females and thus are found less often. This bias was avoided by covering the entire area equally when looking for carcasses. The female skewed sex ratio obtained from skulls implies an elevated male mortality in the recent past, similar to observations on springbok from southern Africa, where unfavourable conditions increased predominantly male mortality (Bednekoff and Ritter, 1997) . The recent drought conditions may have had a similar effect on the G. s. marica males in Mahazat as-Sayd. Sex ratio changes are not fixed and dependent on the year surveyed, as shown for Gazella bennetti from India with either a male (Rahmani, 1990) or female (Bagchi et al., 2008) biased sex ratio. Sex ratio in ungulates is often skewed towards females when environmental conditions are poor. This is attributed to a biased pre-or post natal investment by the mother during suboptimal environmental conditions (Clutton-Brock et al., 1982) . The almost total absence of sub-adults and juveniles is indicative of the overall poor environmental conditions (Ul- Islam et al., 2010) and consequently poor reproduction in G. s. marica during dry periods. A number of female carcasses carrying offspring were located during March and April 2008, indicating that conception occurred, but that pregnant females either aborted, that juveniles succumbed shortly after birth, or that the pregnant females died due to a lack of food (Cunningham, 2009) . Fewer sub-adults observed during summer (approximately six months after the expected lambing season in March) was probably due to the difficulty in distinguishing sub-adult animals from adults in the field as shoulder heights and body appearance are similar at this developmental stage (Cunningham and Sandouka, submitted) . Little or no recruitment into this sub-adult category is probably the result of mortalities associated with the poor environmental conditions during the spring of 2008 (Ul- Islam et al., 2010) .
The seasonal structure of groupings in conjunction with arbitrary observations of G. s. marica movement and local showers in the Mahazat as-Sayd Protected Area suggest that they are highly nomadic during the rainy season in Saudi Arabia. Group movements were associated with the rut during autumn (October and November) when herds up to twenty times larger formed, and associated male movement was more pronounced. Rainfall also influenced group movements with herds moving towards areas that had received rain. Although vegetative growth only responds approximately 7-10 d after scattered showers of >10 mm in Mahazat as-Sayd (pers obs), the animals moved into these areas 2-3 d after rainfall events to utilise the temporarily available surface water and first vegetative growth. The effect fences have on such mass congregations and rain related movements of a highly mobile species are important for protected area managers. Although increasing the size of Mahazat as-Sayd or lowering the fences to allow the gazelle to migrate are not feasible, this data could be used to determine the size of future protected areas envisioned for the re-introduction of G. s. marica elsewhere in Saudi Arabia. The timing of censuses and the planning of capture operations for future re-introductions to other protected areas throughout Saudi Arabia will also benefit from the data presented here on such group size variation.
